Cost and Eco-Effective Cold In-Place Recycled Mixtures with Foamed Bitumen During the Reconstruction of a Road Section Under Variable Load Bearing Capacity of the Subgrade  by Chomicz-Kowalska, Anna & Stepien, Justyna
 Procedia Engineering  161 ( 2016 )  980 – 989 
1877-7058 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of WMCAUS 2016
doi: 10.1016/j.proeng.2016.08.837 
ScienceDirect
Available online at www.sciencedirect.com
:RUOG0XOWLGLVFLSOLQDU\&LYLO(QJLQHHULQJ$UFKLWHFWXUH8UEDQ3ODQQLQJ6\PSRVLXP
:0&$86
&RVWDQG(FR(IIHFWLYH&ROG,Q3ODFH5HF\FOHG0L[WXUHVZLWK
)RDPHG%LWXPHQ'XULQJWKH5HFRQVWUXFWLRQRID5RDG6HFWLRQ
8QGHU9DULDEOH/RDG%HDULQJ&DSDFLW\RIWKH6XEJUDGH
$QQD&KRPLF].RZDOVNDD-XVW\QD6WHSLHQD
aDepartment of Transportation Engineering, Faculty of Civil Engineering and Architecture, Kielce University of Technology, 
Al. Tysiąclecia PaĔstwa Polskiego 7, 25-314 Kielce, Poland  
$EVWUDFW
7KHGHYHORSPHQWRIYHKLFOHWUDQVSRUWFDXVLQJLQFUHDVHGQXPEHUVRIYHKLFOHVDQGURDGXVHUVDVZHOODVLQFUHDVHGORDGVDFWLQJRQ
WKHSDYHPHQWKDVDQHJDWLYHLPSDFWRQLWVGXUDELOLW\ZLWKLQWKHLQWHQGHGOLIHF\FOH$PDMRUSDUWRI3ROLVKURDGQHWZRUNKDVVHYHUHO\
GHWHULRUDWHG DQG UHTXLUHV WKDW LPPHGLDWHPHDVXUHV EH XQGHUWDNHQ WR LPSURYH WKH VDIHW\ DQG FRPIRUW RI XVHUV &ROG ,QSODFH
5HF\FOLQJZLWK)RDPHG%LWXPHQ&,5)%WHFKQRORJ\XVHVRIUHFODLPHGPDWHULDOE\FRQYHUWLQJGLVWUHVVHGOD\HUVLQWRQHZ
PDWHULDOVIRUWKHVWDELOL]DWLRQRIWKHVXEJUDGHDQGRUEDVHFRXUVHVZLWKRXWWKHQHHGWRGHPROLVKKDXODQGPDQDJHWKHP7KLVSDSHU
SUHVHQWVDSURSRVDORIWKHUHFRQVWUXFWLRQRIWKHSDYHPHQWRIDURDGVHFWLRQORFDOL]HGLQFHQWUDO3RODQGĞZLĊWRNU]\VNLHSURYLQFH
XVLQJWUDGLWLRQDODQGDOWHUQDWLYHPDWHULDOV&RVWHIIHFWLYHQHVVDQGHFRORJLFDOHIIHFWLYHQHVVRISURSRVHGWHFKQRORJLHVZHUHFRPSDUHG
WDNLQJLQWRDFFRXQWYDULDEOHORDGEHDULQJFDSDFLW\RIWKHVXEJUDGHIUHTXHQWLQOLQHDUFRQVWUXFWLRQSURMHFWVUHVXOWLQJIURPLWVQRQ
XQLIRUPLW\,QWKHFDVHDQDO\VHGGXHWRWKHSUHVHQFHRIYDULRXVVDQGVLQFOXGLQJVDQGGXVWDQGVDPHXQLIRUPO\JUDGHGVDQGRISRRU
FRPSDFWLELOLW\WKHSDYHPHQWGXUDELOLW\ZDVHVWLPDWHGEDVHGRQWKHDVVXPSWLRQRI03DDQG03DVXEJUDGHEHDULQJFDSDFLW\
,WZDVGHPRQVWUDWHGWKDWFRQVLGHULQJHFRQRP\DQGHFRORJ\WKHUHSODFHPHQWRIVWDQGDUGVROXWLRQVEDVHGRQQHZPDWHULDOVE\WKH
&,5)%PDWHULDOVLVWKHPRVWHIIHFWLYHZD\RIURDGUHFRQVWUXFWLRQZLWKLWVORQJVHUYLFHOLIHPDLQWDLQHG
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHRUJDQL]LQJFRPPLWWHHRI:0&$86
Keywords:)RDPHG%LWXPHQ)%&ROG,QSODFH5HF\FOLQJ&,5&ROG,QSODFH5HF\FOLQJZLWK)RDPHG%LWXPHQ&,5)%GXUDELOLW\


&RUUHVSRQGLQJDXWKRU7HO
E-mail address:DNRZDOVND#WXNLHOFHSO
© 2016 The Authors. Published by lsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of WMCAUS 2016
981 Anna Chomicz-Kowalska and Justyna Stepien /  Procedia Engineering  161 ( 2016 )  980 – 989 
,QWURGXFWLRQ
7KHGHYHORSPHQW RI URDG WUDQVSRUW UHODWHG WR WKH LQFUHDVLQJ QXPEHUV RI YHKLFOHV DQG URDGXVHUV WRJHWKHUZLWK
LQFUHDVHGORDGVH[HUWHGRQWKHSDYHPHQWKDVDQDGYHUVHHIIHFWRQWKHGXUDELOLW\RIWKHURDG3URJUHVVLQJGHJUDGDWLRQ
PDQLIHVWVLWVHOILQIRUH[DPSOHUXWWLQJZKLFKQRWDEO\UHGXFHVWKHXVHU¶VVDIHW\DQGFRPIRUWOHYHOV7KHSURSHUGHVLJQ
RIDQHZURDGRURIUHKDELOLWDWLRQRIDQH[LVWLQJURDGVKRXOGIROORZWKHSROLF\RIVXVWDLQDEOHGHYHORSPHQWSURWHFWLRQ
RIQDWXUDOUHVRXUFHVDQGUHGXFWLRQLQHQHUJ\FRQVXPSWLRQ7KHLGHDRIUHGXFLQJHQHUJ\XVHDQGOLPLWLQJHPLVVLRQVLQ
URDGFRQVWUXFWLRQLQGXVWU\KDVEHHQDVXEMHFWRILQWHUHVWIRUPDQ\\HDUVQRZE\PDQ\UHVHDUFKHUV>@
5HFHQW\HDUVKDYHVHHQJURZLQJHQYLURQPHQWDODZDUHQHVVDQGLQWHUHVWLQPDWHULDODQGQDWXUDOUHVRXUFHV>@3RRU
URDGQHWZRUNFRQGLWLRQQHHGVXQGHUWDNLQJPHDVXUHV WKDWZLOO LQFUHDVH WKH VDIHW\RI URDG WUDIILF DQGPLQLPLVH WKH
LPSDFW RI URDG HQJLQHHULQJSURMHFWVRQ WKH HQYLURQPHQW7KHVH DUH WKHNH\ FULWHULD FXUUHQWO\ DFFRXQWHG IRUZKLOH
GHVLJQLQJFRQVWUXFWLQJDQGPDLQWDLQLQJURDGLQIUDVWUXFWXUHLQ3RODQG7RUHGXFHWKHXWLOLVDWLRQRIQHZPDWHULDOVROG
PDWHULDOVVKRXOGEHUHDSSOLHGFRQWULEXWLQJWRWKHFRQVHUYDWLRQRIHQHUJ\PDWHULDOVDQGWLPH2QHRIWKHWHFKQLTXHV
WKDWXVHWKHZRUQSDYHPHQWOD\HUVWKXVSUHVHUYLQJWKHHQYLURQPHQWDQGVDYLQJWKHVXSSO\RIQDWXUDOUHVRXUFHVLVFROG
LQSODFH UHF\FOLQJZLWK IRDPHGELWXPHQ DV WKHPL[WXUH FRQVWLWXHQW1R QHHG WR KHDW XS WKHPDWHULDO LV WKHPDMRU
DGYDQWDJHRI WKH WHFKQRORJ\ LQ WHUPVRI ORZHUHPLVVLRQVRIKDUPIXOFRPSRXQGV5HGXFHGFRVWVRIPDQXIDFWXULQJ
VWUXFWXUDOOD\HUVZLWKIRDPHGELWXPHQEDVHGPL[WXUHVUHVXOWIURPWKHUHXVHXSWRRIWKHPDWHULDOWKDWLVDOUHDG\
LQWKHSDYHPHQW
3URSHUVHOHFWLRQRIPDWHULDOVDQGWHFKQRORJLHVFDQUHGXFHWKHHPLVVLRQOHYHOVDQGFRQWULEXWHWRWKHLPSURYHPHQWRI
ZDVWH GLVSRVDO ,Q UHVSRQVH WR WKH (8 UHJXODWLRQV FRQFHUQLQJ JUHHQKRXVH JDV HPLVVLRQV QHZ ORZ WHPSHUDWXUH
WHFKQRORJLHV DUH GHVLJQHG DQG LPSOHPHQWHG WR DFFRPPRGDWH WKHPDWHULDO IURP H[LVWLQJ VWUXFWXUDO OD\HUV RI URDG
SDYHPHQWV>@7KHUHGXFWLRQLQWKHXVHRIQHZPLQHUDOPDWHULDOVLVWKHZD\WROHVVHQKXPDQLQWHUIHUHQFHLQWKH
HQYLURQPHQW>@
7KHPDLQREMHFWLYHRIWKLVVWXG\LVWRSUHVHQWWKHUHKDELOLWDWLRQFRQFHSWEDVHGRQODERUDWRU\DQGILHOGWHVWVIRUWKH
URDGVHFWLRQ ORFDWHG LQFHQWUDO3RODQGĞZLĊWRNU]\VNLHSURYLQFHZKLFKZLOODOORZDGMXVWPHQWRI LWVSDUDPHWHUV WR
FXUUHQW DQG IXWXUH WUDQVSRUWQHHGV%DVLFSURMHFW DVVXPSWLRQV LQ DGGLWLRQ WRDGRSWLQJ UDWLRQDO WHFKQLFDO VROXWLRQV
LQFOXGHGSURYLGLQJWKHURDGVHFWLRQZLWKDGHTXDWHORDGEHDULQJFDSDFLW\DQGGXUDELOLW\HIIHFWLYHHQHUJ\XVHDQGWKH
UHXVHRIZDVWHPDWHULDOV
$QDO\VLVRIH[LVWLQJFRQGLWLRQ
2.1. Characteristics of technical condition of the road section pavement 
7KHDQDO\VLVZDVSHUIRUPHGIRUWKHVHFWLRQRIWKHH[LVWLQJSURYLQFLDOURDG':LQ-ĊGU]HMyZSRYLDWĞZLĊWRNU]\VNLH
SURYLQFH7KHVWUHWFKLVVLQJOHFDUULDJHWZRODQHDQGWZRZD\PDLQURDG7KHUHKDELOLWDWLRQSURMHFWDLPVWR
x LPSURYHURDGFDSDFLW\DQGWRDOORZDQLQFUHDVHLQWKHVSHHGRIYHKLFOHVLQWUDQVLW
x DGMXVWSDYHPHQWSDUDPHWHUVWRDFFRPPRGDWHKHDY\ORDGWUDIILF
x LPSURYHWKHVDIHW\RIURDGWUDIILFDQGHFRORJLFDOFRQGLWLRQVRIWKHQHLJKERXULQJLQKDELWHGDUHDV
x IDFLOLWDWHEXVLQHVVDFWLYLW\LQWKHQHLJKERXULQJDUHDV
x UDWLRQDOL]HPDQDJHPHQWRIZDVWHPDWHULDOVIURPWKHH[LVWLQJSDYHPHQWWKDWLVWRXVHWKH&,5WHFKQLTXH
7R EH DEOH WR SURSRVH D VROXWLRQ IRU VWUHQJWKHQLQJ WKH H[LVWLQJ SDYHPHQW QHFHVVDU\ ILHOG PHDVXUHPHQWV DQG
ODERUDWRU\WHVWVZHUHFRQGXFWHGLQFOXGLQJWKHPHDVXUHPHQWDQGDQDO\VLVRIWKHWUDIILFFRQGLWLRQYLVXDOHYDOXDWLRQRI
WKHSDYHPHQWDQGPHDVXUHPHQWRIWKHUXWGHSWK%DVHGRQWKHPERUHKROHVWKHV\VWHPRIOD\HUVZDVLGHQWLILHGWKH
WKLFNQHVVDQGSURSHUWLHVRIWKHOD\HUVZHUHGHWHUPLQHGDQGWKHJURXQGDQGZDWHUFRQGLWLRQVZHUHDVVHVVHG
3HUPDQHQWGHIRUPDWLRQVLQWKHIRUPRIUXWV3KRWDUHWKHPRVWYLVLEOHDQGWKHPRVWVLJQLILFDQWGHIHFWVRIWKH
SDYHPHQWDORQJWKHHQWLUHOHQJWKRIWKHVHJPHQWLQYHVWLJDWHG7KHUXWVFDXVHLQVWDELOLW\RIWKHYHKLFOHWUDFNDQGORZHU
WKHJULSRIW\UHVGXHWRWKHZDWHUFXVKLRQLQJEHWZHHQWKHURDGVXUIDFHDQGWKHW\UH>@7KHPHDVXUHPHQWVRIWUDQVYHUVH
HYHQQHVVLQGLFDWHGFRQVLGHUDEOHUXWWLQJDQGEXONLQJRIWKHURDGHGJHVZKLFKLQDGGLWLRQWRKLQGHULQJWKHGUDLQDJHRI
VXUIDFHZDWHUWRWKHURDGVLGHGLWFKHVSRVHVDULVNRIVNLGGLQJWRWKHURDGXVHUV7KHFRQGLWLRQRIWKHURDGVHJPHQW
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VXUIDFHZDVHYDOXDWHGDVSRRUWKHUXWGHSWKRYHUPPFODVV'FULWLFDOOHYHODFFRUGLQJWR>@ZLWKLPPHGLDWH
LQWHUYHQWLRQUHTXLUHG
,QFRQFOXVLRQWKHURDGVHJPHQWLVVHYHUHO\GHWHULRUDWHGDQGDVLQDGHTXDWHWRWKHH[LVWLQJWUDIILFFRQGLWLRQVUHTXLUHV
XQGHUWDNLQJ LPPHGLDWH UHFRQVWUXFWLRQZRUN)XUWKHURSHUDWLRQRI WKH VHJPHQWZLOOZRUVHQ WKH H[LVWLQJ FRQGLWLRQ
SRVLQJDJURZLQJULVNDQGLQFRQYHQLHQFHWRWKHURDGXVHUV0XOWLSOHGHIHFWV3KRWRDUHLQGXFHGE\WKHJURZLQJ
ORDGKHDY\WUDIILFYROXPHDQGZHDWKHUFRQGLWLRQV7KHFKDUDFWHURIWKHURDGSDVVLQJWKURXJKWKHZRRGODQGVKDGHG
DUHDVDQGZHWVXUIDFH±XQGRXEWHGO\DFFHOHUDWHVIXUWKHUGHWHULRUDWLRQRIWKHSDYHPHQWHVSHFLDOO\LQWKHZLQWHUVHDVRQ

D E

F G

3KRWR6HOHFWHGGHIHFWVRQWKHURDGVHJPHQWORVVRIWKHSDYHPHQWPDWHULDODQGVZHOOLQJDORQJWKHSDYHPHQWHGJHDEUXWWLQJDFDOOLJDWRU
FUDFNLQJLQZKHHOSDWKVG
2.2. Traffic conditions 
,Q WKHURDGSDYHPHQWGHVLJQPXOWLSOH ORDGLQJDQGXQORDGLQJ LVUHSUHVHQWHGE\ WKHQXPEHURID[OH ORDGV/SHU
WUDIILFODQHZKLFKGHILQHVWKHFDWHJRU\RIWUDIILF.5EHLQJWKHEDVLVIRUHVWDEOLVKLQJWKHWKLFNQHVVRIVWUXFWXUDOOD\HUV
7KH3ROLVK&DWDORJXH>@FODVVLILHVWKHGHVLJQHGWUDIILFLQWRVHYHQFDWHJRULHVIURP.5OLJKWWUDIILFWR.5YHU\
KHDY\WUDIILFGHSHQGLQJRQWKHDFFXPXODWHGQXPEHURIN1HTXLYDOHQWD[OHORDGVRYHUWKHSDYHPHQWGHVLJQOLIH
7RDQDO\VHWKHSHUIRUPDQFHRIWKHSDYHPHQWVWUXFWXUHWKHGHVLJQWUDIILFORDGDGRSWHGZDVWKHDQQXDODYHUDJHGDLO\
WUDIILF6'5FDOFXODWHGIRUWKHKDOIRIWKHLQVHUYLFHSHULRGIRUKHDY\YHKLFOHV7KHWUDIILFORDGIRUWKHVHJPHQWXQGHU
LQYHVWLJDWLRQZDVIRUHFDVWEDVHGRQWKHGDWDIURPWKH*HQHUDO5RDG0HDVXUHPHQWVIRUSURYLQFLDOURDGVLQ7R
YHULI\WKHIRUHFDVWWUDIILFVXUYH\VLQWKHVHFWLRQRIWKHVHJPHQWRIURDG,QDKRXUPHDVXUHPHQWRIWUDIILF
YROXPHZDVSHUIRUPHGDIWHUZKLFKWKHQXPEHURIHTXLYDOHQWD[OHVZDVHVWDEOLVKHG7KHVXUYH\FRQILUPHGWKHQHHG
WRLQFUHDVHWKHWUDIILFFDWHJRU\IURPWKHH[LVWLQJ.5WR.5%DVHGRQWKHDQDO\VLVDQGWUDIILFIRUHFDVWFDOFXODWLRQ
UHVXOWVLQWKHWK\HDUDIWHUSXWWLQJWKHURDGLQWRVHUYLFHWKHQXPEHURIHTXLYDOHQWD[OHORDGVZDVHVWDEOLVKHGWREH
(6$/N1 [D[OHVN1SHUODQHZKLFKDFFRUGLQJWR>@FRUUHVSRQGVWRWUDIILFFDWHJRU\.5[
(6$/N1[
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2.3. Characteristics and properties of the existing pavement layers and the foundation 
7RLGHQWLI\WKHV\VWHPRIVWUXFWXUDOOD\HUVERUHKROHVZHUHPDGHLQWKHSDYHPHQWDQGWKHVXEJUDGHZDVHYDOXDWHG
WRWKHGHSWKRIPEHORZWKHGHVLJQSURILOHRIWKHURDGD[LV,WZDVIRXQG>@WKDWWKHH[LVWLQJV\VWHPFRQVLVWVRI
ELWXPLQRXVOD\HUVZLWKDWRWDOWKLFNQHVVRIFPRQDYHUDJHRQDFUXVKHGVWRQHEDVHOD\HUZLWKDPHDQWKLFNQHVVRI
FP$W WKHGHSWK LQYHVWLJDWHGQRJURXQGZDWHUZDVIRXQG*HRWHFKQLFDOVXUYH\VUHYHDOHG>@ WKDW WKHUHJLRQ
VXUURXQGLQJWKHURDGXQGHUUHFRQVWUXFWLRQLVDEXQGDQWLQYDULRXVVDQGW\SHVGXVWVDQGILQHPHGLXPDQGFRDUVHVDQG
ZLWKFKLSVRIVDQGVWRQHDWVRPHORFDWLRQV
$YHUDJHVLHYHDQDO\VLVUHVXOWVIRUWKHPDWHULDOVGHULYHGIURPWKHH[LVWLQJSDYHPHQWDQGVXEJUDGHFRQGXFWHGWR(1
DUHLOOXVWUDWHGLQ)LJ


)LJ6LHYHDQDO\VLVRIWKHPDWHULDOVUHFRYHUHGIURPWKHH[LVWLQJSDYHPHQWDQGVXEJUDGH
7KHJUDGLQJRI VRLO WR(1,62 LVGHILQHGE\ WZRFRHIILFLHQWVcoefficient of uniformity &XDQG
coefficient of curvature&FWKHYDOXHVRIZKLFKZHUHFDOFXODWHGIURPWKHIRUPXODVEHORZ


D
DCu     



DD
DCc 
    
ZKHUH''DQG'DUHWKHGLDPHWHUVRISDUWLFOHVSUHVHQWLQWKHVRLOWRJHWKHUZLWKVPDOOHUJUDLQVLQWKHUHVSHFWLYH
DPRXQWVRIDQG

%DVHGRQWKHJUDGLQJFXUYH)LJWKHYDOXHVRIFRPSRQHQWV' ' ' RIWKHFRHIILFLHQWV
DERYHZHUHGHWHUPLQHG DQG WKHYDOXHVRI WKHFRHIILFLHQWVZHUHDV IROORZV&X DQG&F $FFRUGLQJ WR WKH
FULWHULDLQFOXGHGLQ>@VDQGVKRXOGEHHYDOXDWHGDVZHOOJUDGHGZKHQERWKFULWHULDDUHPHW&X	&F
+HUH GHVSLWH &F H[FHHGLQJ  WKH VRLO LQ WKH VXEJUDGHPXVW EH HYDOXDWHG DV SRRUO\ JUDGHG $V WKH FRPSDFWLRQ
GLIILFXOWLHVFDQEHH[SHFWHGRQHRIWKHLPSURYHPHQWPHWKRGVLVUHFRPPHQGHGIRUH[DPSOHDGGLQJVWRQHPDWHULDO
IURPWKHVXEEDVHO\LQJGLUHFWO\RQWKHVXEJUDGHZLWKWKHDGGLWLRQRIK\GUDXOLFILOOHU3RUWODQGFHPHQWDQGWKHELQGHU
IRDPHG ELWXPHQ  7KLV VROXWLRQ ZLOO QRWLFHDEO\ LPSURYH SK\VLFDO DQG PHFKDQLFDO SDUDPHWHUV RI WKH VWDELOL]HG
VXEJUDGHDQGPDLQWDLQKLJKHFRORJLFDODQGFRVWUHODWHGHIIHFWLYHQHVVDVWKHPDWHULDOVWKDWKDYHWREHWUDQVSRUWHGDUH
RQO\FHPHQWDQGELWXPHQ
984   Anna Chomicz-Kowalska and Justyna Stepien /  Procedia Engineering  161 ( 2016 )  980 – 989 
0HFKDQLVWLFHPSLULFDOGHVLJQUHTXLUHV WKHNQRZOHGJHRIWKHVXEJUDGHPRGXOXVRIHODVWLFLW\.QRZLQJWKH&%5
&DOLIRUQLD%HDULQJ5DWLRWKHDSSUR[LPDWHGYDOXHRIWKHHODVWLFPRGXOXVFDOFXODWHGIURPWKHIRUPXODEHORZFDQEH
DGRSWHG>@DFFRUGLQJWR755/>@
 CBREsub    
ZKHUH(VXE±HODVWLFPRGXOXVRIWKHVXEJUDGH03D&%5±&DOLIRUQLDEHDULQJUDWLR

$VWKHVRLOFRQGLWLRQVZHUHYDULDEOHIRUWKHGXVWVDQGILQHPHGLXPDQGFRDUVHVDQGVDVQRQVZHOOLQJRUGRXEWIXO
VRLOVLQFRPSOLDQFHZLWK>@WKHYDOXHVRI&%5VZHUHWDNHQWREHDQG)RUWKHVHYDOXHVHODVWLFPRGXOLRI
WKHVXEJUDGHZHUHDSSUR[LPDWHO\03DDQG03DUHVSHFWLYHO\
7KLVDQDO\VLVRIWKHH[LVWLQJPDWHULDOSURYLGHVLQIRUPDWLRQDERXWWKHSRVVLELOLW\RIFRQYHUWLQJWKHPVHOHFWLYHO\LQWR
WKHVXEEDVHOD\HUVWDELOL]HGVXEJUDGHDQGEDVHFRXUVHOD\HUXVLQJFROGLQSODFHUHF\FOLQJZLWKIRDPHGELWXPHQ)RU
WKLVSXUSRVHWKHDVSKDOWOD\HULVPLOOHGGRZQWRFPWREHXVHGRQODWHUDOH[WHQVLRQV7KHRWKHUFPRIWKHDVSKDOW
OD\HUDQGWKHFUXVKHGVWRQHEDVHDERXWFPKDYHWREHUHPRYHGDQGSODFHGDORQJWKHURDGOHQJWKDWVSHFLILHGVLWHV
ZKLFKLVSRVVLEOHDVWKHURDGLVRXWVLGHWKHXUEDQDUHD7KLVPDWHULDOEOHQGHGSURSRUWLRQVZLWKWKHDGGLWLRQRI
FHPHQWDQGIRDPHGELWXPHQZLOOEHWUDQVIRUPHGLQWRWKHEDVHFRXUVHOD\HU0&)%0LQHUDO&HPHQWPL[WXUHZLWK
)RDPHG%LWXPHQDIWHUWKHVXEJUDGHKDVEHHQVWDELOLVHG7KHUHPDLQLQJSRUWLRQRIWKHVWRQHEDVHWRJHWKHUZLWKWKH
VXEJUDGHDIWHUEOHQGLQJLQSURSRUWLRQVZLWKWKHPL[RIFHPHQWDQGOLPHDQGIRDPHGELWXPHQZLOOEHPDGHLQWR
WKHOD\HURIWKHVXEEDVHFRXUVHVWDELOLVHGVXEJUDGH0%)%0LQHUDO%LQGHUPL[WXUHZLWK)RDPHG%LWXPHQ,QWKH
0&)%PL[WXUHWKHFRQWHQWRIIRDPHGELWXPHQLVUHFRPPHQGHGWREHZLWKLQWKH0%)%PL[WXUH
ZLWKRXW UHFODLPHG DVSKDOW 7KH FRQWHQW RI RWKHU ELQGLQJ PDWHULDOV FHPHQW DQG OLPH VKRXOG EH  LQ ERWK
PL[WXUHV7KHTXDQWLWLHVRIELQGLQJPDWHULDOVZHUHFKRVHQEDVHGRQWKHDXWKRUV¶H[SHULHQFH>@
'HVLJQRIWKHUHFRQVWUXFWLRQRIWKHURDGVHJPHQWXVLQJWKHFROGLQSODFHUHF\FOLQJWHFKQRORJ\ZLWKIRDPHG
ELWXPHQ
,QRUGHUWRGHPRQVWUDWHSUDFWLFDODSSOLFDWLRQRIWKHZDVWHPDWHULDOWRWKHFRQVWUXFWLRQRIEDVHDQGVXEEDVHVWDELOLVHG
VXEJUDGHFRXUVHVRIWKHURDGVHJPHQWXQGHU[(6$/N1[WUDIILFORDGWKHWKLFNQHVVRISDUWLFXODU
OD\HUVZDVGHVLJQHGLQGLYLGXDOO\XVLQJPHFKDQLVWLFPHWKRGV
(FRQRPLFDQGHQYLURQPHQWDOEHQHILWVRIWKH&,5)%WHFKQRORJ\ZHUHHVWLPDWHGE\FRPSDULVRQZLWKWKHDOWHUQDWLYH
W\SLFDOVROXWLRQSURYLGHGLQWKHQDWLRQDOWHFKQLFDOGRFXPHQW>@
x YDULDQW$±WKHURDGSDYHPHQWVWUXFWXUHEDVHGRQQHZUDZPDWHULDOV)LJZLWKWKHEDVHFRXUVHOD\HUPDGHRI
XQERXQGPL[WXUHDQGWKHVXEEDVHOD\HUPDGHRIK\GUDXOLFDOO\ERXQGPL[WXUH
x YDULDQW%±WKHURDGSDYHPHQWVWUXFWXUHZLWKWKHEDVHFRXUVHOD\HUPDGHRIFROGUHF\FOHGPL[WXUHZLWKELWXPHQ
HPXOVLRQRUIRDPHGELWXPHQDQGWKHVXEEDVHOD\HUPDGHRIK\GUDXOLFDOO\ERXQGPL[WXUH)LJ
)LJXUH  VKRZV WKH VWUXFWXUH RI WKH SDYHPHQWZLWK WKH EDVH DQG VXEEDVH OD\HUVPDQXIDFWXUHG LQ WKH &,5)%
WHFKQRORJ\ YDULDQW&DQG)LJ VKRZV WKH VFKHPDWLFGLDJUDPRI WKH VWUXFWXUHDQDO\VHG ,WKDV WREHDGGHG WKDW
9DULDQW&LVRQHW\SHRIVWUXFWXUHWKDWLVWKHOD\HUVPDGHRI0&)%DQG0%)%PL[WXUHVDUHFPWKLFNLQVWHDGRI
FPFP7KLVRSWLRQLVVDIHUZKHQYDULDEOHORDGEHDULQJFDSDFLW\RIWKHVXEJUDGHRFFXUVZKLOHWKHFROGLQ
SODFHUHF\FOLQJEHFDXVHWKHVLWHVZKHUHWKHQRQVZHOOLQJVRLOFKDQJHVLQWRGRXEWIXOVRLODUHQRWNQRZQ7KHVLWXDWLRQ
LVGLIIHUHQWLQWKHFDVHRILQSODQWUHF\FOLQJDVWKHHQWLUHH[LVWLQJSDYHPHQWLVH[FDYDWHGSURYLGLQJIXOODFFHVVWRWKH
VXEJUDGHOD\HU


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
)LJ7\SLFDOSDYHPHQWOD\HUV\VWHPRQWKHIRXQGDWLRQZLWKEHDULQJFDSDFLW\RI03DDQG03DLQFRPSOLDQFHZLWK>@YDULDQW$
(Y±VHFRQGDU\PRGXOXVRIHODVWLFLW\

)LJ7\SLFDOSDYHPHQWOD\HUV\VWHPRQWKHIRXQGDWLRQZLWKEHDULQJFDSDFLW\RI03DDQG03DLQFRPSOLDQFHZLWK>@YDULDQW%
(Y±VHFRQGDU\PRGXOXVRIHODVWLFLW\

)LJ$OWHUQDWLYHSDYHPHQWOD\HUV\VWHPRQWKHIRXQGDWLRQZLWKEHDULQJFDSDFLW\RI03DDQG03DZLWKEDVHFRXUVHDQGVXEEDVHVXEJUDGH
PDGHRI&,5)%WHFKQRORJ\YDULDQW&

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
)LJ7KHVFKHPDWLFGLDJUDPRIWKHSUHUHFRQVWUXFWLRQSDYHPHQWDDQGDIWHUUHFRQVWUXFWLRQE
7KHVWUXFWXUHVSUHVHQWHGYDULDQWV$%DQG&DUHFRPSRVHGRIZHDULQJELQGHUDQGEDVHOD\HUVPDGHRIDVSKDOW
FRQFUHWH$&,QDOOFDVHVWKHFDOFXODWLRQVZHUHPDGHWDNLQJLQWRDFFRXQWWKHH[LVWHQFHRIQRQVZHOOLQJDQGGRXEWIXO
VRLOVIRUZKLFKWKHHODVWLFPRGXOXVZDVDVVXPHGWREH03DDQG03DUHVSHFWLYHO\%DVHGRQWKHJXLGHOLQHVLQ
>@DQGRZQH[SHULHQFH>@WKHHODVWLFPRGXOXVIRUPL[WXUHV0&)%LQWHQGHGIRUWKHEDVHFRXUVHOD\HUZDVWDNHQ
WREH03DZLWK03DIRUWKH0%)%PL[WXUH
3ROLVKHQJLQHHUVFRPPRQO\XVHWKH$VSKDOW,QVWLWXWHIDWLJXHFULWHULRQIURPWKH0HFKDQLVWLF(PSLULFDO3DYHPHQW
'HVLJQ*XLGH0(3'*ZKLFKLVVKRZQLQ
__    ECN rf H  
MC    
  abb VVVM   
ZKHUH1I±IDWLJXHFUDFNLQJOLIHZLWKRIZKHHOWUDFNVFUDFNHGİU±KRUL]RQWDOWHQVLOHVWUDLQVDWWKHERWWRPRI
ELWXPLQRXVOD\HUV(±FRPSOH[PRGXOXVRIWKHELWXPLQRXVOD\HU9E±YROXPHWULFELQGHUFRQWHQW9D±DLUYRLG
FRQWHQW
5HFHQWO\WKHQHZ$$6+72FULWHULRQIRUSUHGLFWLQJSDYHPHQWIDWLJXHFUDFNLQJKDVEHHQDGRSWHGLQWKH
3ROLVKSDYHPHQWGHVLJQSUDFWLFH>@7KHFDOFXODWHGQXPEHURIORDGUHSHWLWLRQVLVDVVRFLDWHGZLWKGDPDJH' IRU
WKHFRQVLGHUHGELWXPLQRXV OD\HU%\FDOFXODWLQJ WKHDFWXDO IDWLJXHGDPDJHXVLQJ WKH0LQHU¶V UXOH LW LVSRVVLEOH WR
SUHGLFWWKHIDWLJXHERWWRPXSFUDFNLQJLQSHUFHQWRIWRWDOODQHDUHDWKURXJKWKHWUDQVIHUIXQFWLRQ


 
   EKCN rf H  
ORJ
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
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ZKHUH&¶ ±āKDF.¶±SDUDPHWHUGHSHQGHQWRQWKHWKLFNQHVVRIELWXPLQRXVOD\HUVKDF
±WKLFNQHVVRIELWXPLQRXVOD\HUV

)DWLJXHOLIHRIWKHSDYHPHQWVWUXFWXUHLQWKHURDGVHJPHQWLQYHVWLJDWHGZDVFDOFXODWHGXVLQJWKHIDWLJXHFULWHULD
DSSOLHGLQ3RODQGIRUPXODV0DWHULDOFRQVWDQWVIRUHDFKRIWKHGHVLJQHGSDYHPHQWOD\HUVZDVWDNHQDIWHUWKH
&DWDORJXH>@ZKHUHDVLQWKHFDVHRIWKH0&)0PL[WXUHVWKHFKRLFHZDVEDVHGRQWKHDXWKRUV¶RZQH[SHULHQFH>
@7KHFDOFXODWLRQVZHUHEDVHGRQWKHDVVXPSWLRQWKHVWUXFWXUDOPRGHOZDVWKHPXOWLOD\HUHGHODVWLFKDOIVSDFH,Q
WKLVZD\WKHIDWLJXHOLIHRIWKHDVSKDOWOD\HUVZDVGHWHUPLQHGLQWHUPVRIFUDFNVDQGUXWV
m
pp Nk  H   
ZKHUH İS ±YHUWLFDO FRPSUHVVLYH VWUDLQV RQ WKH WRS VXUIDFH RI WKH VXEJUDGH N  ÂP  FRHIILFLHQWV
DFFRUGLQJWR&KHYURQ1S±QXPEHURIORDGVXQWLOFULWLFDOVWUXFWXUDOGHIRUPDWLRQRIWKHSDYHPHQWPP
7DEOHVFRPSLOHWKHUHVXOWVIURPIDWLJXHOLIHFDOFXODWLRQVYDULDQWV$%DQG&,WKDVWREHQRWHGWKDWDFFRUGLQJ
WRWKHQDWLRQDOWHFKQLFDOGRFXPHQW>@LQWKHFDVHRIVZHOOLQJVRLOVRUDVLQRXUFDVHGRXEWIXOVRLOVEHDULQJFDSDFLW\
IURP WR03D WKHFRQGLWLRQRI WKH UHVLVWDQFH WR VZHOOLQJKDV WREHFKHFNHGDQGVDWLVILHG&RQVLGHULQJ WKH
ORFDOL]DWLRQRI WKHPRGHUQLVHG URDGVHJPHQW IUHH]LQJGHSWKRIPDQG WKHDVVXPHG WUDIILF ORDGFDWHJRU\ WKH
WKLFNQHVVRIWKHSDYHPHQWDQGVWDELOLVHGVXEJUDGHOD\HUVKRXOGEHDWOHDVWFP
7DEOH&KDUDFWHULVWLFVDQGSURSHUWLHVRIPDWHULDOVDQGWKHUHVXOWVRIIDWLJXHOLIHFDOFXODWLRQIRUWKHSDYHPHQWOD\HUVRQWKHVXEJUDGHZLWKWKH
ORDGEHDULQJFDSDFLW\RI03DDQG03DYDULDQW$
7KHW\SHDQGDOD\HUV\VWHPSDYHPHQWVWUXFWXUH ȣ KFP (03D KFP (03D
:HDULQJFRXUVH $&     
%LQGHUFRXUVH $&     
%DVHFRXUVH $&     
%DVHFRXUVH &UXVKHGVWRQHEDVHFRXUVHZLWK&DJJUHJDWHV     
6XEEDVH +\GUDXOLFDOO\ERXQGVXEEDVH     
6XEJUDGH 9DULRXVVDQGV     
7KHWRWDOWKLFNQHVVRIWKHSDYHPHQWVWUXFWXUH FP FP
Fatigue life calculation
Bottom-up cracking Nf : 7 949 116 7 331 151 
Permanent deformation Np : 22 541 044 12 045 410 
7DEOH&KDUDFWHULVWLFVDQGSURSHUWLHVRIPDWHULDOVDQGWKHUHVXOWVRIIDWLJXHOLIHFDOFXODWLRQIRUWKHSDYHPHQWOD\HUVRQWKHVXEJUDGHZLWKWKH
ORDGEHDULQJFDSDFLW\RI03DDQG03DYDULDQW%
7KHW\SHDQGDOD\HUV\VWHPSDYHPHQWVWUXFWXUH ȣ KFP (03D KFP (03D
:HDULQJFRXUVH $&     
%LQGHUFRXUVH $&     
%DVHFRXUVH $&     
%DVHFRXUVH 0LQHUDOFHPHQWZLWKIRDPHGELWXPHQ
RUELWXPHQHPXOVLRQ
    
6XEEDVH +\GUDXOLFDOO\ERXQGVXEEDVH     
6XEJUDGH 9DULRXVVDQGV     
7KHWRWDOWKLFNQHVVRIWKHSDYHPHQWVWUXFWXUH FP FP
Fatigue life calculation
Bottom-up cracking Nf : 8 894 597 8 884 701 
Permanent deformation Np : 20 184 737 14 818 927 
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7DEOH&KDUDFWHULVWLFVDQGSURSHUWLHVRIPDWHULDOVDQGWKHUHVXOWVRIIDWLJXHOLIHFDOFXODWLRQIRUWKHSDYHPHQWOD\HUVRQWKHVXEJUDGHZLWKWKH
ORDGEHDULQJFDSDFLW\RI03DDQG03DYDULDQW&
7KHW\SHDQGDOD\HUV\VWHPSDYHPHQWVWUXFWXUH ȣ KFP (03D
:HDULQJFRXUVH $&   
%LQGHUFRXUVH $&   
%DVHFRXUVH $&   
%DVHFRXUVH 0LQHUDOFHPHQWZLWKIRDPHGELWXPHQ0&)%
PL[WXUHLQ&,5WHFKQRORJ\
  
6XEEDVH
LPSURYHGVXEJUDGH
0LQHUDOELQGHUZLWKIRDPHGELWXPHQ0%)%
PL[WXUHLQ&,5WHFKQRORJ\
  
6XEJUDGH 9DULRXVVDQGV    
7KHWRWDOWKLFNQHVVRIWKHSDYHPHQWVWUXFWXUH FP
Fatigue life calculation
Bottom-up cracking Nf : 11 821 239 11 325 484 
Permanent deformation Np : 54 853 263 26 535 685 

7KHIDWLJXHOLIHUHVXOWVVXPPDULVHGLQ7DEOHV±LQGLFDWHWKDWWKHGXUDELOLW\RIWKHVWUHQJWKHQHGSDYHPHQWGHSHQGV
KHDYLO\RQERWKWKHTXDOLW\RIVXEJUDGHDQGRQWKHW\SHDQGWKLFNQHVVRIWKHXSSHUOD\HUV,QWKHFDVHVFRQVLGHUHGKHUH
WKHORDGEHDULQJFDSDFLW\RIWKHVXEJUDGHKDGDPLQRUHIIHFWRQWKHHVWLPDWHGIDWLJXHOLIHRIWKHDVSKDOWOD\HUVDVVKRZQ
E\WKHERWWRPXSFUDFNLQJUHGXFHGORDGEHDULQJFDSDFLW\RIWKHVXEJUDGHIURP03DWR03DLQWKHZRUVWFDVH
UHVXOWHGLQWKHP(6$/VOLIHUHGXFWLRQ3RRUVRLOFRQGLWLRQVKDYHDJUHDWHUHIIHFWRQWKHIRUHFDVWOLIHEHFDXVHRI
WKH FULWLFDO  PP SHUPDQHQW GHIRUPDWLRQ ZKLFK ZDV VKRUWHQHG E\ KDOI LQ HDFK YDULDQW 1HYHUWKHOHVV WKH
GXUDELOLW\RIWKHVWUXFWXUHGHWHULRUDWHVILUVWRIDOOGXHWRWKHFULWLFDOOHYHORIIDWLJXHFUDFNLQJ7KHW\SLFDOYDULDQWV$
DQG%KDGVLPLODUFDOFXODWHGIDWLJXHOLIHUHVXOWVVOLJKWO\H[FHHGLQJWKHDVVXPHGWUDIILF ORDG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